The adipocyte-derived hormone leptin acts via its receptor (LepRb) on central nervous system neurons to communicate the repletion of long-term energy stores, to decrease food intake, and to promote energy expenditure. We generated mice that express Cre recombinase from the calcitonin receptor (Calcr) locus (Calcr cre mice) to study Calcr-expressing LepRb (LepRb Calcr ) neurons, which reside predominantly in the arcuate nucleus (ARC). Calcr cre -mediated ablation of LepRb in LepRb Calcr knockout (KO) mice caused hyperphagic obesity. Because LepRb-mediated transcriptional control plays a crucial role in leptin action, we used translating ribosome affinity purification followed by RNA sequencing to define the transcriptome of hypothalamic Calcr neurons, along with its alteration in LepRb Calcr KO mice. We found that ARC LepRb Calcr cells include neuropeptide Y (NPY)/agouti-related peptide (AgRP)/g-aminobutyric acid (GABA) ("NAG") cells as well as non-NAG cells that are distinct from pro-opiomelanocortin cells. Furthermore, although LepRb Calcr KO mice exhibited dysregulated expression of several genes involved in energy balance, neither the expression of Agrp and Npy nor the activity of NAG cells was altered in vivo. Thus, although direct leptin action via LepRb Calcr cells plays an important role in leptin action, our data also suggest that leptin indirectly, as well as directly, regulates these cells. (Endocrinology 159: 1860(Endocrinology 159: -1872(Endocrinology 159: , 2018 P harmacologic therapies to reduce appetite would be useful in treating obesity and related metabolic disorders, but our limited understanding of the neural and molecular mechanisms that regulate these processes has hindered the development of effective therapies. Of the hormones orchestrating metabolism, leptin plays a central role, as demonstrated by the hyperphagia, obesity, and diabetes produced by leptin deficiency (1-4). Adipocytes secrete leptin in proportion to lipid stores, signaling the adequacy of fat reserves to decrease appetite and permit energy expenditure.
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Loss of the signaling isoform of the leptin receptor (LepRb) in Lepr db/db mice recapitulates the phenotype of leptin-deficient animals, demonstrating the essential role of LepRb signaling in leptin action (5, 6) . Leptin binding to LepRb activates a noncovalently associated Jak2 tyrosine kinase, which phosphorylates three sites (Tyr 985 , Tyr 1077 , and Tyr 1138 ) on LepRb (7, 8) . Of these, only Tyr 1138 , which recruits and activates the latent transcription factor STAT3, plays a major role in leptin action (9) (10) (11) (12) . Thus, the leptin/STAT3-mediated control of gene expression in LepRb cells is essential for the control of energy balance.
LepRb is expressed most highly in brain regions that control food intake, energy expenditure, and metabolism, and central nervous system (CNS) LepRb signaling is necessary and sufficient for the control of energy balance by leptin (13) (14) (15) . Although the hypothalamus represents the major region by which LepRb signaling controls energy balance (16) , identifying the specific sets of hypothalamic LepRb neurons important for leptin action has been challenging (17) . We also incompletely understand how leptin alters gene expression and neuronal function in LepRb neurons to control energy balance.
Two distinct populations of LepRb neurons in the hypothalamic arcuate nucleus (ARC) are known to play important roles in energy balance (1, 17, 18) : (1) orexigenic neurons that contain neuropeptide Y (NPY), agouti-related peptide (AgRP), and the inhibitory neurotransmitter g-aminobutyric acid (GABA) ("NAG" neurons) and (2) anorexigenic neurons that express proopiomelanocortin (POMC). Leptin inhibits NAG neurons and blunts the expression of Npy and Agrp while promoting Pomc expression and activating POMC neurons. Additional groups of less well-studied populations of ARC LepRb neurons, including those that contain Ghrh, Sst, and Trh, may also contribute to leptin action (19) .
The ablation of LepRb from most anatomically restricted sets of neurons examined to date (including Pomc, Sf1, Nts, Gal, Prlh, Pdyn, and Kiss1 neurons, as well as neurons in the preoptic area and ventral premammillary nucleus) modestly alters feeding and adiposity by comparison with the effects of pan-hypothalamic LepRb deletion (20) (21) (22) (23) (24) (25) (26) (27) (28) . To identify additional molecularly defined subpopulations of LepRb neurons that participate in energy homeostasis, we used translating ribosome affinity purification (TRAP) followed by RNA sequencing (RNA-seq) (TRAP-seq)-defined transcripts enriched in LepRb-expressing cells (25) to identify markers for potentially important populations of hypothalamic LepRb neurons. The enrichment of calcitonin receptor (Calcr)-encoding messenger RNA (mRNA) in hypothalamic LepRb neurons (25) , together with the synergy of leptin and CALCR agonists for the suppression of food intake and body weight (29, 30) , led us to study Calcrexpressing LepRb cell (LepRb Calcr ) neurons. Here, we identify these cells, reveal their importance for the control of energy balance by leptin, and define their transcriptional response to LepRb ablation.
Materials and Methods

Methods
Mice
Mice were bred in our colony in the Unit for Laboratory Animal Medicine at the University of Michigan; these mice and the procedures performed were approved by the University of Michigan Committee on the Use and Care of Animals and in accordance with Association for the Assessment and Approval of Laboratory Animal Care and National Institutes of Health guidelines. We purchased male and female C57BL/6 mice for experiments and breeding studies from Jackson Laboratories. Mice were bred at the University of Michigan and provided with food and water ad libitum (except as noted later) and temperature-controlled rooms on a 12-hour light-dark cycle.
We generated LepRb ) animals, which we intercrossed to generate mice for study (25) . POMC-dsRed transgenic mice (32) and NPY-green fluorescent protein (GFP) transgenic mice (33) 
In situ hybridization
Adult Calcr cre and wild-type control mice were anesthetized with isoflurane and then euthanized by decapitation. Whole brains were dissected, flash frozen in isopentane chilled on dry ice, and stored at 280°C. Next, 16-mm-thick coronal sections were cut on a cryostat (Leica), thaw-mounted to SuperFrost Plus slides, allowed to dry at 220°C for 1 hour, and then stored at 280°C. Slides were then processed for in situ hybridization using RNAScope technology per the manufacturer's protocol (Advanced Cell Diagnostics, Newark, CA). For all slides, the multiplex fluorescent assay (320850) was used to visualize CalcR (477791) and Cre (312281-C3) probes using Amp 4 Alt-A. Images were obtained with an Olympus BX53F equipped with a QImaging Retiga 6000 monochrome camera under 403 objective. All images were processed identically in CellProfiler (35) to reduce nonspecific background. Serial images (nine per ARC) were taken and stitched together using Adobe Photoshop. ) mice were weaned into individual housing at 21 days and fed normal chow (Purina Laboratory Diet 5001). Weekly body weight and food intake were monitored. Blood glucose level in ad libitum-fed mice was measured every other week from 4 to 12 weeks of age. A glucose tolerance test (2 g/kg of body weight, i.p.) and insulin tolerance test [1 unit/kg of body weight; insulin injection (Humulin; Eli Lilly), i.p.] were performed in 13-and 14-week-old mice, respectively, after a 5-hour fast that began 3 hours after the start of the light cycle. Analysis of body fat and lean mass was performed at 14 to 15 weeks of age using a Minispec LF90ll (Bruker Optics, Billerica, MA). One subset of mice (9-to 11-week-olds) were analyzed for oxygen consumption (VO 2 ), food intake, and locomotor activity using the Comprehensive Laboratory Animal Monitoring System (Columbus Instruments, Columbus, OH). Leptin and insulin were assayed by commercial enzyme-linked immunosorbent assay (Crystal Chem, Elk Grove, IL).
Phenotyping of LepRb
TRAP-seq
We used anti-eGFP TRAP with hypothalamic material from Calcr eGFP-L10a and LepRb Calcr KO mice (both of which express an eGFP-tagged ribosomal subunit in Calcr cells). RNA was assessed for quality using the TapeStation (Agilent, Santa Clara, CA). Samples with RNA integrity numbers of 7.5 or greater were prepared using the Illumina TruSeq mRNA Sample Prep v2 kit (catalog nos. RS-122-2001 and RS-122-2002; San Diego, CA), where 0.1 to 3 mg of total RNA was converted to mRNA using polyA purification. The mRNA was fragmented via chemical fragmentation and copied into first-strand complementary DNA (cDNA) using reverse transcription and random primers. The 3 0 ends of the cDNA were adenylated, and 6-nucleotide-barcoded adapters were ligated. The products were purified and enriched by PCR to create the final cDNA library. Final libraries were checked for quality and quantity by TapeStation (Agilent) and quantitative PCR using a Library Quantification Kit for Illumina Sequencing platforms (catalog no. KK4835; Kapa Biosystems, Wilmington, MA). They were clustered on the cBot (Illumina) and sequenced four samples per lane on a 50-cycle single-end run on a HiSeq 2000 (Illumina) using version 2 reagents according to the manufacturer's protocols.
RNA-seq analysis
Fifty base pair single-end reads underwent quality control analysis before alignment to mouse genome build mm9 using TopHat and Bowtie alignment software (36) . Differential expression was determined using Cufflinks Cuffdiff analysis, with thresholds for differential expression set to fold change .1.5 or ,0.66 and a false discovery rate #0.05 (37) . Lists of differentially expressed genes were then queried against the UniProt Database for gene ontology and protein class analysis (38) .
Statistics
Data are reported as mean 6 standard error of the mean. Statistical analyses of physiologic data were performed with Prism software (version 7). An unpaired t test was used to compare results between the two groups. Body weight gain, cumulative food intake, body length, glucose tolerance test, and insulin tolerance test were analyzed by two-way analysis of variance. P , 0.05 was considered statistically significant.
Results
LepRb
Calcr neurons To identify the putative LepRb
Calcr neurons and define their distribution and responsiveness to CALCR agonists and leptin, we treated LepRb eGFP-L10a reporter mice with sCT and examined the activation of LepRb neurons by the immunohistochemical (IHC) detection of cFosimmunoreactivity (IR) in eGFP-containing hypothalamic neurons [ Fig. 1(a) and 1(b) ]. This analysis revealed that sCT promoted the accumulation of cFos-IR in a large population of eGFP-expressing ARC LepRb neurons, suggesting that these cells represent LepRb Calcr cells.
To examine the potential Calcr expression of ARC cells and to permit the manipulation of loxP-flanked ("floxed") alleles in Calcr cells, we inserted a 2A peptide element plus the coding sequence for Cre recombinase in place of the stop codon of Calcr in mice (Calcr cre mice) [ Fig. 2(a) ]. In situ hybridization demonstrated the colocalization of cre and Calcr mRNA in the hypothalamus (Supplemental Fig. 1) , consistent with the expected expression of cre from the endogenous Calcr locus.
We bred Calcr cre to the cre-inducible Rosa26 Fig. 2(a) ]. We treated these mice with leptin and perfused them for the IHC analysis of pSTAT3 and GFP [ Fig. 2 (b)-2(e); Supplemental Fig. 2] ; because pSTAT3 reveals cellautonomous LepRb signaling (39) [unlike cFos, which reflects cellular activity that can be altered directly or 
Calcr cells were also observed in the lateral hypothalamic area [LHA; as previously reported (41) Fig. 3; Supplemental Fig. 3 ). We found increased body weight in both male and female LepRb Calcr KO mice compared with controls ( Fig. 3A ; Supplemental Fig. 3A) . The excess weight in LepRb Calcr KO mice reflected a more than doubling of their adipose mass ( Fig. 3B-3C ; Supplemental Fig. 3B-3C) ; circulating leptin concentrations were similarly increased ( Fig. 3D ; Supplemental Fig. 3D ). Although LepRb Calcr KO mice displayed increased lean mass on the basis of absolute weight, body length was not altered compared with that of controls ( Fig. 3E; Supplemental Fig. 3E ), suggesting that the disruption of leptin action in these animals did not impair the function of the hypothalamic melanocortin system [disruption of which increases linear growth (42, 43) ]. LepRb Calcr KO mice of both sexes consumed more food than controls ( Fig. 3F ; Supplemental Fig. 3F ). Thus, disruption of direct leptin action on LepRb Calcr neurons caused hyperphagic obesity.
To determine whether the impairment of energy expenditure might also contribute to the obesity of LepRb Calcr KO mice, we used metabolic cages to quantify locomotor activity and VO 2 in male LepRb Calcr KO mice (Fig. 4) . Twenty-four-hour locomotor activity was decreased in LepRb Calcr KO mice because of decreased activity during the dark cycle. Although VO 2 by LepRb Calcr KO mice was decreased when normalized to total body mass, this difference disappeared when normalized to lean body mass, suggesting that energy expenditure was only minimally affected by the ablation of LepRb in LepRb Calcr neurons, consistent with the relatively modest contribution of normal ambulatory activity to total energy expenditure in small rodents. Indeed, the relationship between VO 2 and body weight was similar to that between LepRb Calcr KO mice and their controls [ Fig. 4(g) ].
We also examined parameters of glucose homeostasis in male and female LepRb Calcr KO mice ( these measures. These findings are consistent with the more modest impairments in insulin tolerance and glucose homeostasis that accompany obesity relative to the florid insulin resistance and glucose intolerance that accompany complete leptin or LepRb deficiency in mice (44) , suggesting that increased food intake and resultant obesity (rather than direct interference with glycemic control by leptin) represent the main physiologic alterations in LepRb Calcr KO mice. Table 1 ). Agrp and Npy represented the mRNA species most highly enriched in hypothalamic Calcr neurons (whereas Pomc was poorly recovered), suggesting the potential overlap of LepRb Calcr neurons with ARC NAG (but not POMC) cells. Sst, Trh, and Ghrh were also enriched in hypothalamic Calcr neurons, suggesting that other groups of ARC LepRb cells might contribute to the overall population of LepRb Calcr neurons. To test this possibility directly, we treated mice containing NPY-GFP and POMC-dsRed reporter transgenes with sCT to examine the induction of cFos in NAG and POMC cells as an indicator of their potential CALCR expression (Fig. 6 ). This analysis revealed the sCT-mediated induction of cFos-IR in essentially all ARC NPY-GFP neurons and a population of cells that does not colocalize with either POMC or NPY, but few POMC-dsRed cells. Furthermore, Calcr cre -dependent reporters failed to colocalize with POMC-dsRed cells but marked all NPY-GFP neurons (as well as some additional ARC Calcr cells) (Supplemental Fig. 5) . Thus, these data are consistent with the notion that ARC Calcr neurons We used TRAP-seq to compare the expression of genes enriched in hypothalamic Calcr neurons from LepRb Calcr KO and control mice (Table 1) , revealing genes that were dysregulated in these mice. Regulated transcripts include several genes that we have shown to be enriched in hypothalamic LepRb neurons, including members of the Serpina3 gene family, which are also regulated by leptin in LepRb neurons (25, 45) . Thus, these may represent important transcriptional targets for leptin in the control of energy balance. Interestingly, however, although the lack of leptin or LepRb throughout the body increased Agrp and Npy expression many-fold (11), the expression of these genes was not dysregulated in LepRb Calcr KO mice. This suggests that the control of Agrp and Npy gene expression by leptin was mediated indirectly by leptin action on other neurons (rather than by the direct action of leptin on these cells).
Although leptin suppressed the activity of NAG neurons, rendering the examination of leptin-stimulated cFos in these cells moot, leptin-deficient Lep ob/ob mice (or LepRbdeficient Lepr db/db mice) (46) demonstrated increased cFos in the medial basal ARC (previously shown to colocalize with NAG cells) (Supplemental Fig. 6 ). In contrast, ARC cFos was normal in LepRb Calcr KO mice, consistent with the control of NAG neuron electrical activity by LepRb neurons that lie afferent to NAG cells (47) .
Discussion
We identified a population of LepRb Calcr neurons that includes NAG neurons and additional undefined non-POMC cells, demonstrated their importance for the control of feeding and energy balance by leptin, and defined the LepRb Calcr neuron transcriptome and its regulation by leptin. In addition to revealing the overlap between genes dysregulated in Calcr neurons in LepRb Calcr KO mice and those controlled by leptin in LepRb neurons (45) , this analysis also revealed that direct leptin action on LepRb Calcr neurons is dispensable for the control of gene expression and cFos in these cells. Thus, although direct leptin action on these cells plays an important role in the control of energy balance by leptin, leptin also indirectly controls the function of LepRb Calcr cells.
Although the ablation of LepRb from many previously examined hypothalamic cell types modestly, if at all, altered energy balance (20, (48) (49) (50) , LepRb Calcr KO mice demonstrated hyperphagia and increased body weight and adiposity. Although LepRb Calcr KO mice displayed slightly decreased ambulatory activity, their energy expenditure (normalized to lean mass) was similar to that of control animals and their glucose homeostasis remained relatively normal (especially compared with that of completely leptin-or LepRbdeficient animals) (44) , suggesting that the control of food intake (rather than metabolic rate and glycemic control) represents the main effect of direct leptin action on LepRb Calcr neurons.
Populations of LepRb-and Calcr-expressing neurons intersect in the LHA [as previously reported (41) Amylin, which acts via CALCR in combination with a receptor activity-modifying protein, stimulates a leptinactivated population of LHA LepRb neurons and could contribute to synergy between leptin and amylin. In contrast, leptin inhibits (46, 53) whereas sCT activates orexigenic NAG neurons, suggesting that leptin and CALCR agonists antagonize each other's actions on NAG cells and would not be predicted to contribute to the synergy. Thus, the leptin/amylin synergy is mediated by either the relatively small population of non-NAG LepRb Calcr cells or by indirect but convergent effects of leptin and amylin on different cell populations. If sCT action on NAG neurons is orexigenic, this suggests that sCT action on other cells must dominate its effects on the NAG cells. CALCR agonists directly activate neurons in the brainstem satiety system and in other areas of the brain (e.g., the PVH) (54, 55); either of these or non-NAG ARC Calcr neurons could mediate such effects. However, determining whether CALCR-mediated activation of NAG neurons blunts the overall anorectic action of sCT and other CALCR agonists will require deleting Calcr from these cells in future studies. Furthermore, because the expression of receptor activity-modifying proteins specifically in NAG and other LepRb Calcr neurons is not known, the regulation of these cell types by (45) . Indeed, these two transcripts are some of the most highly and coordinately regulated by leptin in LepRb neurons (45) , suggesting their regulation by direct leptin action in LepRb Calcr neurons and also their potential importance in leptin action.
In contrast, although LepRb expression in LepRb Calcr neurons (which include NAG neurons) is important for the control of feeding and energy balance, it is not required for the control of Agrp and Npy expression. Furthermore, although the total absence of leptin action increased medial basal ARC cFos, consistent with increased activation of NAG cells, ARC cFos was normal in LepRb Calcr KO mice. Thus, although direct leptin action on LepRb Calcr neurons is important for energy balance, the control of Agrp and Npy expression and the activity of medial basal ARC cFos was mediated indirectly by leptin action on other LepRb neurons, potentially including the presumptive DMH LepRb vGat cells that control inhibitory inputs to NAG cells (47) .
Overall, our findings defined a population of LepRb Calcr neurons that plays a crucial role in the control of feeding and energy balance by leptin and suggest the importance of direct and indirect control of these cells. In the future, it will be important to define the identity and roles of subpopulations of these cells and to determine the mechanisms by which indirect leptin action on these cells controls gene expression (and potential other functions) in these cells.
